Estimation of premorbid abilities remains an integral part of neuropsychological evaluations. Several methods of indirect estimation have been suggested in the literature. Many of these methods are based in prediction via linear regression. Unfortunately, linear regression has the well-reported tendency to underpredict high IQ scores and overpredict low IQ scores. This can be shown to be an unavoidable statistical artifact of linear regression. We demonstrate a procedure to estimate premorbid IQ without the regression artifact. The procedure has two steps: confirmation of construct equivalence and psychometric equating. An example using real data is presented which shows the regression to the mean problem with prediction and compares it to the results from equating. D
To determine whether patients have reduced neuropsychological functioning that may be the result of an illness or injury, it is necessary to compare their current with premorbid abilities. Determination of premorbid abilities, however, presents a challenge (see Reynolds, 1997 , for a comprehensive review of significant issues).
''Indirect'' methods (Lezak, 1995) are often used. These indirect methods can be divided into two broad categories: clinical judgment and statistical techniques. Kareken (1997a) provides a brief discussion of the two. This characterization is not new and the interested reader is directed to Meehl (1954) .
Although statistical techniques include numerous methods, one of the most frequently used is prediction from linear regression. Linear regression can be used to make predictions from test results that assess skills thought resistant to brain injury (Nelson, 1982) , demographic variables formulas (Barona, Reynolds, & Chastain, 1984) , or combined demographic and psychometric data (Krull, Scott, & Sherer, 1995) . While useful, these methods have generally been found to overestimate low IQ while underestimating high IQ.
With ''direct'' measurement, on the other hand, comparison is made of performance on tests of ability given before and again after onset of the medical condition. For example, an individual may have been given an intelligence test as part of an academic evaluation and subsequently sustained a closed head injury. Re-administration of that intelligence test would then allow ''direct'' comparison of performance before and after the injury. While ''indirect'' methods are of considerable utility in neuropsychological evaluations, the ''direct'' method is preferable since it involves less ''noise'' in the system. However, patients only infrequently have IQ scores prior to development of their neurological condition. Still, the clinician may not realize that patients have existing premorbid measures that are not specifically called IQ, but are in fact, measures of IQ. In the United States military, most service members have taken an aptitude test prior to coming on active duty. For Air Force officers 1 this is the Air Force Officer Qualifying Test (AFOQT). It may be possible to use an AFOQT score as a measure of premorbid IQ. To do so, it is first necessary to determine if the tests measure the same construct. That would be shown by a strong relationship between an AFOQT score and IQ scores from an intelligence test. Should such a relationship exist, it would then be possible using statistical methods to convert AFOQT scores into estimated premorbid IQ scores. Carretta, Retzlaff, Callister, and King (1998) studied the relationship of the AFOQT and the Multidimensional Aptitude Battery (MAB; Jackson, 1984) . The AFOQT is a multiple aptitude battery and the MAB is an intelligence test. Using a sample of 2233 U.S. Air Force pilot candidates, they found that both the AFOQT and the MAB had a hierarchical factor structure. A hierarchical factor structure means that there are correlated first-order factors that are influenced by a higher-order factor. This produces a pyramidal shaped factor structure with general ability at the pinnacle when cognitive tests are analyzed (Jensen, 1998, pp. 78-79) . Carretta et al. (1998) found a nearly perfect correlation (r =.98) of the higher-order factors. They identified these two higher-order factors as measures of general cognitive ability (a term frequently used to denote IQ) and called for additional studies to evaluate the AFOQT for clinical assessment. The Carretta et al. findings suggest the interchangeability of the tests. In a special issue of the Archives of Clinical Neuropsychology, Kareken (1997b) recognized the problems with clinical judgment and recommended ''actuarial'' methods including regressionbased prediction. Similarly, Franzen, Burgess, and Smith-Seemiller (1997) advocated ''regression formulae'' for prediction of premorbid functioning, as did Tremont, Hoffman, Scott, Adams, and Nadolne (1997), and Williams (1997) . Reynolds (1997) recognized a regressionto-the-mean phenomenon but did not recognize regression due to less-than-perfect-correlation.
We present an example of why regression-based prediction is highly reliable only when the variables are nearly perfectly correlated. We also demonstrate the efficacy of the psychometric technique known as equating for making estimates of premorbid functioning. Equating is the general name given to a class of techniques that ''convert'' the scores of one test to another.
There are three commonly recognized types of equatings: Item Response Theory (IRT), linear, and equipercentile. These are presented and discussed in a later section. The present study examines the relationship between the AFOQT and the MAB to determine whether the AFOQT can be used as a direct measure of premorbid IQ and it also examines the effects of using prediction vs. equating in developing equivalent scores.
Method

Participants
There were 2652 subject participants who were either active-duty Air Force personnel or were recent Air Force Reserve Officer Training (ROTC) graduates. All had their Bachelor's degree but only 7.8% had advanced degrees. Their average years of education were 16.2. Most were male (92.7%) and Caucasian (90.3% Caucasian; 3.3% Hispanic; 2.6% African American; 1.1% Asian; 2.6% other). The sample was very homogeneous with regard to age (Mean = 24.4; S.D. = 2.02) and the range was 20-to 34-years-old. All had been selected for pilot training and had completed and passed a Class I flight physical examination. These examinations are extensive and rule out significant medical problems as well as noting any history of significant medical illness or trauma. There was no attrition from the study.
Tests administered
The AFOQT ''is a paper-and-pencil multiple aptitude battery used to select civilian applicants for officer precommissioning training programs and to classify commissionees into aircrew job specialties'' (Skinner & Ree, 1987) . It is group-administered and takes approximately 4.5 h to complete. There are 16 subtests that consist of between 15 and 40 multiple-choice questions for a total of 380 test items. Various combinations of the subtests are used to create five aptitude composite scores: Verbal, Quantitative, Academic Aptitude, Pilot, and Navigator-Technical. Scores are reported as percentiles. Skinner and Ree (1987) list the AFOQT subtests and denote those that make up the various composites.
For the present study, only the Academic Aptitude composite score was used since subtests that comprise it are most similar to those in intelligence tests and include: Verbal Analogies, Arithmetic Reasoning, Reading Comprehension, Data Interpretation, Word Knowledge, and Math Knowledge. Verbal Analogies is comparable to the Similarities subtest of the Wechsler scales (Wechsler, 1981 (Wechsler, , 1997 . It involves discerning relationships between items presented in word form. For the Reading Comprehension subtest, examinees are presented with relatively short paragraphs of information that they are to read and understand. Data Interpretation involves the presentation of graphs and charts; the task is to make meaningful interpretations of these data. Word Knowledge is a test of vocabulary. Finally, there are two mathematical subtests. One requires the solving of problems through the use of formulas and terms (Math Knowledge), while the other involves word or ''story'' problems (Arithmetic Reasoning). Internal consistency reliability of these subtests are 0.80, 0.88, 0.71, 0.88, 0.88, and 0.81, respectively. The reliability of the Academic Aptitude composite is 0.89 (Skinner & Ree, 1987) . Subscales not included in the Academic Aptitude composite assess information more specifically related to aviation and navigation such as Aviation Information, Instrument Comprehension, and Electrical Maze.
The MAB is a group-administered test of intelligence (Jackson, 1984) . It has 10 subtests that are each 7-min long; all items have five multiple-choice responses. Administration of this test produces verbal (VIQ), performance (PIQ), and full-scale IQ (FSIQ) scores. Only FSIQ scores were used for this study. Correlation between FSIQ on the MAB with FSIQ on the Wechsler Adult Intelligence Scale-Revised (Wechsler, 1981) is .91 (Jackson, 1984) . FSIQ test-retest reliability is 0.97.
Procedure
All subjects were tested as part of the United States Air Force's ongoing Enhanced Flight Screening-Medical (EFS-M) program. The EFS-M program involves specialized medical and psychological testing of all Air Force pilot training candidates. Four psychological tests, including the MAB, were administered to obtain baseline functioning of aviators; these results serve as measures of premorbid functioning should an aviator subsequently sustain head trauma or central nervous system disease. Additionally, these data are used to create aviator-specific test norms and are used in selection research. Candidates must take the MAB in order to go to undergraduate pilot training. However, allowing their data to be used for research purposes is voluntary and all gave permission after reading an informed-consent letter. All subjects had taken the AFOQT as part of their precommissioning application. Results of their performance on this test were obtained from official records at Headquarters, Air Force Personnel Center at Randolph Air Force Base, Texas.
Test equating
The newest method of test equating depends on the IRT. The assumptions of the IRT are rigorous but straightforward. They are ''local independence'' and univocality. The first means that the response to an item is independent of the response to any other item and the second means that the test measures only one factor. It is necessary to have item characteristic statistics and item responses (i.e., subject answers to each question) to equate by the IRT method. Kolen, Krickebert, and Brennan (1995) provide a good explanation of the limits and advantages of the IRT method of equating.
The second method is linear equating. This requires that the tests measure the same characteristic, have about the same level of measurement precision, and have identical distributional shapes. Raw scores that have the same standard scores (usually a Z score) are said to be equated. If distributional shapes are not identical, linear equating is inappropriate.
One benefit of linear equating is that only two statistical indices are estimated, the mean and the standard deviation. Additionally it is symmetric. The equating transformation changes X to Y and Y to X.
The third method is called equipercentile equating. Equipercentile equating is based on four assumptions or conditions. Petersen, Kolen, and Hoover (1993, p. 242 ) set out these assumptions or conditions. The first is that ''. . . the two tests must both be measures of the same characteristic . . ..'' Equity is the second condition and it is described by Kolen et al. (1995) as Lord's (1980, p. 195 ) equity such that an examinee is indifferent as to which form of the test is administered. The third assumption or condition is population invariance. This would mean that the equating transformation is not dependent on the group in which it was established. Kolen et al. note (p. 12 ) that in practice, this can never be totally achieved. Fourth is the assumption or condition of symmetry that specifies that the equating transformation works in both directions, that is the transformation works to equate test X to test Y and to equate test Y to test X.
Equipercentile equating does not require the assumptions of ''local independence'' and univocality from IRT nor the assumption of equivalent distributional shapes as does linear equating. Further, the assumptions of prediction by regression, linearity of form, and homoscedasticity (and normality for correlation) are not required.
Equipercentile equating begins by smoothing the score distributions of both tests to remove irregularities and reduce the consequences of the small number of subjects at the extremes (Fairbank, 1987) . Equipercentile equating defines equivalent scores as those which have the same cumulative percentile rank in a population. So, if a score of 60 is at the 75th percentile scores on one test and a score of 47 is at the 75th percentile on another test, those two raw scores, 60 and 47, are equivalent. Likewise, if a score of 37 is a 43rd percentile scores on one test and a score of 29 is a 43rd percentile on another test, these two raw scores, 37 and 29, are equivalent. This equivalence is computed for all percentile points, and the raw scores equated. Angoff (1971) , Holland and Rubin (1982) , and Kolen et al. (1995) provide excellent and current detailed overviews of equipercentile equating.
Prediction vs. equating
There are several ways of converting one score to another. There may be statistical prediction from a linear regression equation. For example, Williams (1997) reported the prediction of IQ scores with demographic variables and noted that the correlations may be too meager to allow confidence in the predicted scores. While he also noted other problems, he failed to note the major shortcoming of using prediction from regression equationsregression! Unless there is a perfect correlation (r = 1.00) between the two measures, the regression coefficients will pull the predicted scores toward the mean of the criterion distribution. High scores will be underpredicted and low scores will be overpredicted.
Consider an example. Assume two measures correlate r =.68. In this case, their standardized regression equation is Y = 0.68X where Y is the predicted score and X is the score on the predictor. Using values of X at one standard deviation above the mean and one standard deviation below the mean, the predicted Y scores move 0.32 units (1 À 0.68) toward the mean. Low scores move up toward the mean and the high scores move down toward the mean and only at the mean will the predicted scores be perfect. This creates the problem of underprediction of the high scores and overprediction of the low scores as noted by Franzen et al. (1997) . The more extreme the score, the greater the effects of regression and the greater the under or overprediction. The amount of under or overprediction is a consequence of the magnitude of the correlations between the variables. If there were perfect prediction (r = 1.0) there would be no regression. If there were no prediction (r =.0), all scores would regress to the mean.
The solution to the regression problem is the technique of equipercentile equating, a frequently used psychometric method.
Analyses
To determine if the Academic Aptitude composite of the AFOQT can be equated to the FSIQ of the MAB, it is necessary to demonstrate that they measure the same construct. This can be accomplished by correlating the two scores and observing the correlation. A correlation of 1.0 (or near 1.0 allowing for sampling variation) demonstrates that the two tests measure the same construct. However, there are two factors that cause the observed correlation to be a downwardly biased estimate of the true correlations of the tests. The first is called range restriction. Range restriction occurs when the variability of one or more variables has been reduced by prior selection. For example, the variance of a college entrance test is 100 but because only high scoring applicants were admitted, the variance in the freshmen class is only 25. This reduction in variance has a downwardly biasing effect on the magnitude of the correlation of college entrance test scores and any other variable. This phenomena was first observed by Pearson (1903) and he offered a limited set of statistical corrections. Lawley (1943) provided the general solution and statistical correction for the problem (see also Ree, Carretta, Earles, & Albert, 1994) . Using Lawley's theorem, the correlations can be corrected to remove the biasing effects of range restrictions.
Once the correlation has been corrected for range restriction, it is necessary to correct it for the effect of less-than-perfect reliability of measurement of both tests. Spearman (1904) provided a mathematical proof that observed correlations are limited in magnitude as a function of the square roots of the reliabilities of the variables. For example, if two variables A and B have a true correlation of .8 and are measured with reliabilities of .81 and .64, respectively, the maximum correlation you can observe will be .576 (square root of .81 times the square root of .64 times .8=.576). This is called ''attenuation'' and the appropriate correction is called the correction for attenuation (Gulliksen, 1950; Hunter & Schmidt, 1990; Spearman, 1904) . After application of these two statistical corrections, the corrected correlation can then reveal if the same construct is being measured by both tests.
Results and discussion
The mean score on the AFOQT Academic Aptitude composite was at the 63.52 percentile with a standard deviation of 20.91 percentile points. The mean score for the FSIQ from the MAB was 120.11 with a standard deviation of 6.85 IQ points. The means and standard deviations of both of these tests show the consequence of prior selection. The means are elevated above the normative values while the standard deviations are smaller than the normative values. These values indicate range restriction. The lowest IQ value on the MAB was 86 and this is value is very rare for a sample of pilot selectees. However, it should be noted that the reported equating is appropriate in the broad range of the score distribution of MAB expected in future practice. Further, every equating has limitations dependent on the sample. The equating presented here is appropriate for samples like the one on which it was developed.
The correlation between the AFOQT Academic Aptitude composite and the FSIQ from the MAB was .68. After multivariate correction for range restriction (Lawley, 1943) , the correlation between the AFOQT Academic Aptitude composite and the FSIQ from the MAB was .81. Applying Eq. (5) from Gulliksen (1950) allowed for estimates of the reliability 2 of the two tests in the participant sample. The estimated reliabilities for the AFOQT Academic Aptitude composite and the FSIQ from the MAB in this sample were 0.79 and 0.86, respectively. These values were used to correct for the effect of less than perfect reliability of measurement (correction for attenuation) of both tests. After correction, a .98 correlation between the AFOQT Academic Aptitude composite and the FSIQ from the MAB was estimated. This is as close to 1.0 as sampling variability will allow and an indication that these two tests measure the same construct. Further, it is the same value found by Carretta et al. (1998) . Table 1 shows the equated scores that have been rounded to integers. The regression problem has been eliminated through equipercentile equating. The range of the FSIQ from the MAB is from 86 to 148. These values are equated to AFOQT Academic Aptitude composite scores of 12 through 99. Extrapolating beyond these values is unwarranted but given the wide range of scores the table should be broadly applicable. This table can be used to convert AFOQT Academic Aptitude composite percentile scores to FSIQ MAB scores. These converted AFOQT scores can then be used as premorbid estimates of IQ without the regression to the mean problem.
Still, regression can predict FSIQ based upon AFOQT Academic (ACAD) scores using the following formula:
Regression methods of estimating premorbid ability are commonly used and accepted. Consequently, the clinician who is more comfortable with regression could use this formula. However, the frequently seen ''regression to the mean'' problem associated with these formulas should be kept in mind. This is easily demonstrated, incidentally, by comparing estimates of FSIQ using the regression formula above with the equating method (Table 1) . Using AFOQT ACAD scores of 12, 50, and 98, representing low, middle, and high scores, results in predicted FSIQ scores of 109, 117, and 128, respectively, using regression and 86-92, 116, and 135, respectively, using equating. From this, it is clear that the middle range scores are quite similar while lower scores appear to be overestimated, and higher scores underestimated, when using regression. Additionally, the standard error of estimate (SEE) for the regression equation is 5.03 FSIQ points. Other methods that use regression similarly have fairly large SEE. For example, the well-known Barona et al. (1984) formula has a SEE of 12.14 while Kareken, Gur, and Saykin's (1995) combined demographic/psychometric formula has a SEE of 10.24. Consequently, this underscores the importance in recognizing that this formula, as with all indirect methods, provides only an estimate of premorbid ability. They should be used in conjunction with other estimation methods (e.g., historical, actuarial) and conclusions regarding premorbid ability then based on a convergence of data. Results obtained by direct methods, such as equating, also should finding confirmatory evidence but the problem of estimation is not as burdensome. We believe this study does two things. First, it provides two methods of estimating premorbid FSIQ in USAF officers. While this is a constrained population, it still involves a large number of individuals who either are currently, or have been, on active duty. These methods should be of use in the neuropsychological evaluation of these individuals. Secondly, this study demonstrates that the two-part technique, evaluation of corrected correlations for construct equivalence and psychometric equating, provides a useful ''direct'' method for the estimation of premorbid ability. We believe this technique should be used with other commonly administered tests that may reveal similar equivalence such as the ASVAB, Scholastic Achievement Test (SAT), American College Test (ACT), General Aptitude Test Battery (GATB), and the numerous standardized high school exit tests.
